A B S T R A C T In contrast to the wealth of infonnation concerning membrane phospholipid asymmetry in normal human erythrocytes, very little is known about membrane phospholipid organization in pathologic erythrocytes. Since the spectrin-actin lattice, which has been suggested to play an important role in stabilizing membrane phospholipid asymmetry, is abnormal in sickled erythrocytes, we determined the effects of sickling on membrane phospholipid organization. We used two enzymatic probes: bee venom phospholipase A2 and Staphylococcus aureus sphingomyelinase C, which do not penetrate the membrane and react only with phospholipids located in the outer leaflet of the bilayer. Our results suggest that the distribution of glycerophospholipids within the membrane of sickled cells is* different from that in nonsickled cells. Compared with the normal erythrocyte, the outer membrane leaflet of the deoxygenated, reversibly sickled cells (RSC) and irreversibly sickled cells (ISC) was enriched in phosphatidyl ethanolamine in addition to containing phosphatidyl serine. These changes were compensated for by a decrease in phosphatidyl choline in that layer. The distribution of sphingomyelin over the two halves of the bilayer was unaffected by sickling. In contrast to ISC, where the organization of phospholipids was abnormal under both oxy and deoxy conditions, reoxygenation of RSC almost completely restored the organization of membrane phospholipids to normal. These results indicate that the process of sickling induces an abnormality in the organization of membrane lipids in RSC which becomes permanent in ISC.
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INTRODUCTION
The erythrocyte membrane has been a major target of investigation in sickle cell anemia and many abnorReceivedfor publication 24 November 1980 and in revised form 9 February 1981. malities in membrane properties have been detected. These abnormalities include increased cation leak (1, 2) , increased accumulation of calcium (3) , increased binding of hemoglobin (4) , abnormal protein phosphorylation (5) , and increased susceptibility to lipid peroxidation (6) . These abnormal properties are accentuated by sickling and are most prominent in irreversibly sickled cells (ISC).1 Although related to the polymerization of sickle hemoglobin, the exact mechanism leading to these defects is unknown.
Specific membrane protein abnormalities, such as abnormal glycoprotein patterns, have been reported in reversibly sickled cells (RSC) (7, 8) . Studies on tritonextracted erythrocyte ghosts obtained from ISC indicate a permanent alteration in the membrane protein cytoskeleton (9) . The normal relationship between spectrin and actin is distorted in the ISC and polymerization of these two proteins appears to fix the cell in the sickled configuration. Near-neighbor analysis of membrane proteins using cross-linking agents has also shown a difference in membrane protein organization in ISC compared with RSC or normal erythrocytes (10) .
Since evidence is accumulating to suggest that membrane proteins, particularly spectrin, play an important role in stabilizing the organization of membrane phospholipids (11) (12) (13) (14) (15) (16) , it is not surprising that abnormalities in the organization of certain phospholipid classes have been reported in sickle erythrocytes. In particular, the organization of amino phospholipids within the membrane, as detected by chemical probes, is abnormal (17, 18) . Dinitrofluorobenzene (DNFB), a probe which penetrates the membrane and reacts with amino groups on both sides of the bilayer, does not bind as I Abbreviations used in this paper: ISC, irreversibly sickled cell; PBS, phosphate-buffered saline; PC, phosphatidyl choline; PE, phosphatidyl ethanolamine; PS, phosphatidyl serine; RBC, erythrocyte; RSC, reversibly sickled cell; SMI, sphingomiyelin; TNBS, trinitrobenzene sulfoniic acid.
extensively to phosphatidyl ethanalamine (PE) or phosphatidyl serine (PS) in oxygenated sickle erythrocytes as it does in normal erythrocytes (17) . Trinitrobenzene sulfonic acid (TNBS), used under incubation conditions in which it did not penetrate the membrane, trinitrophenylated more PE and PS in sickled erythrocytes (RBC) than in normal RBC (18) . The findings with these two chemicals probes are consistent with an abnormal organization of aminophospholipids in sickled cells. However, the penetration of small molecules such as TNBS within the RBC membrane can change depending upon experimental conditions (19) , and sickling may facilitate penetration of these probes into the bilayer, thereby enhancing the reaction with aminophospholipids located within the inner leaflet. Moreover, because TNBS does not react with phosphatidyl choline (PC) or sphingomyelin (SM), the organization of choline-containing phospholipids in sickled erythrocytes could not be measured using this probe.
Phospholipases have been used extensively to determine membrane phospholipid organization in RBC from normal individuals (20) (21) (22) (23) . Among these phospholipases are phospholipase A2 from bee venom and sphingomyelinase C from Staphylococcus aureus. These phospholipases, provided that they are highly purified, do not penetrate the membrane, do not cause cell lysis, and consequently degrade only those phospholipids located within the outer leaflet of the lipid bilayer. In our present report, we describe the use of these two enzymatic probes to determine the organization of phospholipids within sickled and nonsickled cells. We also use these two probes to determine the effect of unsicklihg on membrane phospholipid asymmetry within RSC.
METHODS
Blood collection and sample preparation. Blood samples from patients with sickle cell disease and from normal controls were collected in acid citrate dextrose and filtered through a mixture of microcrystalline cellulose and cellulose to remove white cells (24) . A RSC fraction was prepared using a modified procedure of the fixed angle and slow centrifugation method of Lux et (26) were monitored. The purity of both phospholipase A2 from bee venom and sphingomyelinase from S. aureus was tested by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. A single band was detected with both enzyme preparations.
The degradation of phospholipid by phospholipase A2 or sphingomyelinase was terminated by washing the RBC three times with phosphate-buffered saline (PBS) containing 5 mM EDTA. The extent of hemolysis was determined at the end of each incubation prior to the EDTA wash by comparing the hemoglobin content in the supernate of each sample to that of a 100% hemolyzed control. In the reoxygenation experiments, RBC were first induced to sickle by incubating them under 95% N2:5% CO2 for 1 h. After a portion of the deoxygenated cell suspension was removed to measure membrane phospholipid organization, the remaining sickled cells were reincubated under 95% 02:5% CO2 for an additional hour until they returned to a biconcave shape. These reoxygenated cells were then incubated with phospholipase A2 as previously described to determine menmbrane phospholipid organization.
Determinationt of phospholipid degradation by phospholipase A2 and sphingomyelinase C. Phospholipase-treated and control RBC samples were washed with PBS and were subjected to lipid extraction by the method of Rose and Oklander (27) . Lipid extracts from each sample were evaporated to dryness under nitrogen and redissolved in a small volume (100-200 ,u) of 2:1 chloroform:methanol mixture. Individual phospholipids were separated by the two-dimensional thin-layer chromatographic technique described by Roelofsen and Zwaal (28) . The individual lipid components were examined by staining with iodine vapor. All spots were scraped from the plate and transferred to test tubes; and the quantity of phospholipid was determined by measuring the amount of phosphorus in each spot, utsing the method of Bottcher et al. (29) .
The percentage of phospholipid hydrolyzed after treatment of RBC with phospholipase A2 was determined by measuring the ratio of remaining diacylglycerophospholipid to the corresponding lvso derivative. For the determination of SM degradation by sphingomyelinase, the absolute and relative quantity of SM recovered from the sample was compared with the absolute and relative quantity of SM recovered from the nontreated control sample.
Scanining electrotn mnicroscopy of phospholipase A2-treated RBC. RBC were removed from each incubation mixture after the 2-h exposure to phospholipase A2 and were fixed in PBS containing 2% glutaraldehyde in which oxygenated and deoxygenated conditions were maintained. Fixed cells were allowed to attach to glass coverslips covered with polylysine to enhance adherence. Coverslips with cells attached to them were dehydrated in a gradled acetone series, critical point-dried from liquid CO2, and mounted on stubs. A thin film (-20 nm) of gold or platinum was deposited on the surface of the cells in a refrigerated triode sputter coater (to enhance conductivity and increase secondary electron coefficients). Samples sphingomyelinase-treated cells. The extent of hemolysis was identical in sickle and normal RBC and was not increased by hypoxia. The degraded materials, lysophospholipids in the case of phospholipase A2 and ceramide in the case of sphingomyelinase C, remained in the membrane and were completely recovered in the lipid extract. Fig. 1 shows the morphology of phospholipase A2-treated sickle RBC under oxygenated (Fig. 1A) and deoxygenated (Fig. 1B) conditions. The echinocytic transformation in oxygenated sickle erythrocytes was similar to that reported in normal RBC (30) . In contrast, deoxygenated sickle RBC failed to undergo echinocytic transformation (Fig. 1B) . Upon reoxygenation, however, the phospholipase A2-treated sickle RBC promptly became echinocytes (similar morphology to those in Fig. 1A) . It is interesting to note that echinocytic transformation in ISC is different from that in RSC. In the ISC, although echinocytes were formed, the projections were fewer than in RSC and were unequally distributed on the surface of the membrane. These differences are more apparent under higher magnification (Fig. 1C) . DISCUSSION These stuidies suiggest that sickling cauises an alteration in the organization of glycerophospholipids withini the lipid bilayer. The nmost notal)le changes that occurred duirinig sicklinig were seen in the aminophospholipids, witlh PE anid PS translocatedl from the inner leaflet of the lipid l)ilayer to the outer leaflet. An additional observation lutring sickling was that part of the PC appeare(d to tranisfer froin the outer to the inner leaflet, in exclhange for PE and(I PS. In conitrast, the distribuitioii of SM xvithlinl the bilayer was not affecte(d by sickling. TIakeni together, these results suiggest that sickling iniduices ac niore ran(lonized glyceroplhospholipid distribution l)etween the two membrane lipid layers. To a certaini extent, this process is reversible; hoowever, after reoxygenation, PE and PC do not completely retuirn to their normiial locationi in the bilayer. Fuirthernwore, duiring the process of ISC formationi, these alterationis in the organization of glvcerophospholipids become permiianenit.
For normal cells, a complete pictture of the tranisbilayer distribution of the glycerophosplholipids is only obtained wlheni the cells are first treated with plhospholipase A2 anid then witth sphliiigoimyelinase C. Unifortunately, stuch a treatmient cainnot be applied to the sickled cells, as we have fouiind that the comnbine(l aetioin of these plhospholipases treatmenit resuilts in ex- (Fig. 2) , as is the case with n-oinsickled cells, the possibiility of ia translocation miieclhanism cannot be excltuded. The f:actors that coontrol the rearranigemiienit of phospholipids within the lipid bilayer (lurinig sicklinig are uinknowni. Evidence is graduially aciimmulating to suggest that spectrin miiay play ani important role in stabilizing membranie phosplholipid organ izatiomi in human RBC (11) (12) (13) (14) (15) (16) . Spectrin has leen (leImlonlstrated to interact with plhospholipids in artificial membrane systemiis (12) (13) (14) . Oxidation of spectrin bIw sulfliydryl oxidizinig agents causes alterationi in meumbrane phospholipidl asymmetry in humnani RBC with increased amnommuts of PE anlid PS exposed to the otlher leaflet of the lipid bilayer (14) . Oxidation of spectrin by dianmide also enhanices transbilayer reorientationl of phospholipids (15) . Preventioni of formiiationi of myelin figures and membrane lipid loss by binding spectrin to spectrin-deficient mouse RBC membranes is consistent with a membrane lipid stabilizing role for spectrin (16) . From these results, together with the fact that spectrin is irreversibly deformed in ISC (9), we speculate that an alteration in spectrin may underlie the observed abnormalities in membrane phospholipid organization in sickled RBC and in ISC.
In addition to spectrin, calcium may be involved in the translocation of phospholipids. Since membranebound calcium increases during sickling (3), calcium may interact with PE or PS molecules located within the inner leaflet of the bilayer. Formation of such a complex in sickle erythrocytes would make translocation of phospholipids thermodynamically more favorable than in normal RBC. However, additional data are needed to confirm this hypothesis, and experiments are being formulated to define the exact mechanism of this transbilayer movement of phospholipids.
After treatment with phospholipase A2, normal erythrocytes rapidly undergo echinocytic transformation. This phenomenon is probably due to the presence oflysophospholipids primarily in the outer leaflet ofthe membrane. Our observation that echinocyte formation does not occur in deoxygenated sickle cells suggests that polymerized sickle hemoglobin may interact with the spectrin-actin complex and thus exert a restraining effect on the membrane. This hypothesis is supported by the rapid appearance of echinocytes when these deoxygenated, phospholipase-treated cells are reoxygenated. In the oxygenated ISC, echinocytic transformation is also abnormal, further suggesting a relationship between cytoskeletal structure and echinocytic transformation.
Although the pathophysiologic significance of abnormal membrane phospholipid asymmetry in sickle erythrocytes is not clear, possible implications have emerged from several recent observations. Zwall et al. (33) have provided evidence to suggest that the asymmetric distribution of membrane phospholipids in blood cells may serve a biological purpose by contributing to the delicate balance between regulating hemostasis and avoiding thrombosis. We recently presented evidence to indicate that a disruption of the normal membrane phospholipid asymmetry in sickle RBC by the sickling process enhances blood coagulation in vitro (34) . These results suggest that abnormal membrane phospholipid organization in sickled RBC may contribute to the pathophysiology of vaso-occlusive crisis.
It is also possible that abnormal externalization of PS in sickled RBC may enhance the adherence ofthese cells to vascular endothelium. Recent studies by Hoover et al. (35) and Hebbel et al. (36) demonstrate that the adherence of sickle RBC to endothelial cells is greater than the adherence of normal erythrocytes, and this abnormality has been suggested to be the initiating factor in the development of microvascular occlusions in sickle cell anemia (35) (36) (37) . Negatively charged residues, primarily sialic acid, on the membrane surface have been suggested as factors likely to affect adherence of RBC to vascular endothelium (36) . However, the role of aminophospholipids in the interaction has not been investigated. Together with the observation of Wilschut and Papahajopoulos (38) that negatively charged PS and calcium ions are essential for cell-to-cell contact leading to cell fusion, it is possible that abnormal externalization of PS on sickle RBC membranes has a role in enhancement of in vitro adherence of sickle RBC to endothelial cells.
Ifabnormal membrane phospholipid organization indeed has pathophysiologic significance, membrane phospholipid organization in pathologic RBC other than sickle RBC should be determined. Since spectrin appears to be an important factor in stabilizing membrane phospholipid organization, membrane phospholipid asymmetry in RBC from patients suspected to have a defect in spectrin such as hereditary spherocytosis, elliptocytosis, and pyropoikilocytosis (39) should also be examined.
